Reactions of small thermalized positively charged nickel clusters with carbon monoxide were studied in a molecular beam experiment. The nickel clusters were produced in a high intensity cluster ion source and thermalized in a large helium-filled quadrupole ion guide. The clusters were size selected by a quadrupole mass spectrometer. The mass-and charge-selected nickel clusters then passed through a linear quadrupole drift tube filled with a mixture of helium buffer gas and carbon monoxide. The reaction products were then analyzed by a quadrupole mass-spectrometer. Using this technique, saturation limits for Ni n ϩ clusters with nϭ4 -31 were measured and the competitive reaction channels were identified. Under certain experimental conditions carbide formation was observed in the case of the nickel tetramer, pentamer, and hexamer. The structure of the nickel carbonyl clusters is discussed within the framework of the polyhedral skeletal electron pair theory. The cluster growth may be explained by a pentagonal sequence of structures for nϭ4 -7, capping of the pentagonal bipyramid to buildup an icosahedron at Ni 13 ϩ , and further capping of this icosahedron to form a double icosahedron at Ni 19 ϩ .
I. INTRODUCTION
Over the past two decades numerous experimental [1] [2] [3] [4] [5] and theoretical [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] studies have been devoted to reactivity, catalytic properties, electronic structure, magnetic properties, and geometries of small metal clusters. One motivation for these studies, which cover a very wide spectrum of metal and transition metal clusters, is to determine the correlation between reactivity and geometric and electronic structure. Many studies have been published devoted to the reactivity of metal and transition metal clusters of different charges and sizes. It was found that the reactivity varies dramatically at small sizes ͑clusters containing less than 15-20 atoms͒. The size effects gradually vanish with increasing size. A large number of experiments have been performed in the gas phase and in matrices, and only a few in the liquid phase. In the case of matrix-isolated atoms and clusters in solutions, complications may arise from matrix or solvent effects.
Nickel group clusters have been studied extensively in the gas phase. [1] [2] [3] [4] Recent experimental studies have covered a broad spectrum of experimental techniques and reactions, for example, electron affinity measurements, 1͑a͒,2͑k͒ collision induced dissociation, 1͑b͒ saturation, 2͑f͒,2͑j͒ photodesorption, 2͑g͒ and kinetic 3 studies, adsorption, 4͑a͒,4͑d͒,4͑e͒,4͑f͒ and ionization potential 4͑b͒ measurements. Theoretical studies have been devoted to the structure of small nickel and nickel-carbonyl clusters, [6] [7] [8] [9] to the calculation of their ionization potentials, 4͑c͒,6͑e͒ magnetic moments, 6͑a͒,6͑b͒,6͑e͒ electronic structure, 6͑c͒,6͑d͒,6͑e͒ etc. We focused our effort on determining the saturation limits and primary reaction channels for the interaction of sizeselected cationic nickel clusters with carbon monoxide and on predicting the structures of the saturated nickel-carbonyl clusters using polyhedral skeletal electron pair theory.
II. EXPERIMENT
In our experiments we used an apparatus similar to that developed by Wöste et al. in Lausanne. 2͑f͒ The cluster source chosen was a sputtering arrangement consisting of four targets and allowed us to produce neutral clusters as well as positively and negatively charged species.
The scheme of the experimental setup is shown on Fig.  1 . The nickel clusters are produced by bombardment of nickel targets with energetic xenon ions. The emerging clusters of all sizes are focused into the first quadrupole ion guide with a large cross section. Here, the nickel clusters are slowed down and cooled approximately to room temperature via collisions with helium atoms. ͑The ion guide is filled with helium buffer gas at 2ϫ10 Ϫ2 mbar pressure.͒ Clusters with a particular size to charge ratio are selected by the first quadrupole mass filter and enter the second quadrupole ion guide filled with helium buffer gas seeded with carbon monoxide. The total pressure ͑HeϩCO͒ in the drift tube was 5 ϫ10 Ϫ4 mbar. The reaction productions are thermalized via collisions with the atoms of the helium buffer gas. Finally, the reaction products are analyzed by the second quadrupole mass spectrometer. The great advantage of our apparatus is that it enables us to study the physical and chemical properties of thermalized and low-kinetic energy, size-and chargeselected metal, and transition metal clusters. Furthermore, the helium buffer gas in the second drift tube ͑in the reactor͒ serves as a chemically inert ''bath'' for stabilization of the reaction products.
III. RESULTS AND DISCUSSION
We studied the reactions of size-selected nickel cluster cations with carbon monoxide in the gas phase. The main goal of these experiments was to obtain saturation limits for thermalized nickel clusters consisting of up to 31 nickel atoms and to identify the primary reaction channels for massselected positively charged nickel clusters with carbon monoxide.
The general features of the mass spectra can be described as follows. The following products of the reaction of size selected Ni n ϩ clusters with CO were identified: (CO) ϩ products were detected for small cluster sizes and vanished rapidly as the parent nickel cluster size increased. Ni nϪ1 C(CO) ϩ clusters were observed only for nϭ4 and 5.
A. Saturation limits
Typical mass spectra of nickel carbonyl clusters formed by the reaction of CO with size-selected Ni n ϩ cations (nϭ4, 8, and 12͒ are shown in Fig. 2 . A range of structural compositions was detected
The limiting numbers of carbonyl ligands, m, bound to the nickel cluster of given size, n, ͑the saturation limits͒ are summarized in Table I . The most intense peaks observed in the mass spectra are indicated as well. We note that the last nickel-carbonyl peak for Ni n (CO) m ϩ is often much less intense than that of the highest intensity nickel-carbonyl product, which in general possesses one to three CO ligands fewer than the saturated cluster. This is a very common occurrence in the mass spectra of metal-carbonyl clusters 2͑f͒,2͑l͒ and may be explained with the lower number of cluster valence electrons available for ligand binding in the case of cluster cations in comparison with neutral clusters of the same size. The predicted structures of saturated nickel carbonyl clusters will be discussed in Sec. III C. 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  25  28  31  m  10  12  13  15  16  17  18  19  20  20  21  22  23  24  25  25  25  26  27  29  31  32  i  9  11  13  12  15  16  17  18  19  17  19  20  21  22  23  23  24  25  25  27  30  32 from an unstable Ni 4 ͑CO͒ iϩ1 ϩ ion. The probability of atom loss decreases sharply with cluster size. ͑Hintz and Ervin closed off this channel for nickel clusters with nϾ3 in their experiment which they conducted under 0. ϩ with CO, we assume that this compound is formed via fragmentation of Ni 4 ͑CO͒ i ϩ after a C-O bond scission.
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In the case of the nickel pentamer cation, formation of carbides, Ni 5 C͑CO͒ i ϩ , was observed. The corresponding mass spectrum is shown in Fig. 4 
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For the nickel hexamer cation we were able to observe efficient and specific formation of Ni 6 C͑CO͒ 11 ϩ . The corresponding mass spectrum is shown in Fig. 5 . Besides this compound, an extremely small fraction of carbides Ni 6 C͑CO͒ i ϩ with iϽ11 were observed. A small peak corre- sponding to Ni 5 ͑CO͒ ϩ was identified in the spectrum and we assume that this product is formed via the incomplete reaction of the Ni 5 ϩ collisional fragment with CO by analogy with the formation of Ni 4 ͑CO͒ ϩ in the case of Ni 5 ϩ .
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The yield of Ni nϪ1 ϩ fragments decreased monotonically with increasing n. No Ni nϪ1 ϩ fragments were observed for nϾ22. The occurrence of Ni nϪ1 (CO) ϩ fragments in very low yield was typically observed in the reactions of Ni n ϩ clusters with nϭ7 and 8. In the case of nickel clusters with nϾ8, only extremely small quantities of Ni nϪ1 (CO) ϩ fragments were seen.
Predicted structures
Mingos and Wales 7 have previously provided a reinterpretation of earlier molecular beam experiments on nickel carbonyl clusters 2͑f͒ using electron-counting rules from inorganic chemistry. They concluded that the saturation numbers of carbonyl ligands for nickel clusters of different sizes provide circumstantial evidence for a face-capping growth sequence based upon the seven-atom pentagonal bipyramid. In this section we discuss the extent to which the latest results can be interpreted within this framework.
Since the above mentioned work there have been other studies of nickel clusters in molecular beams, although none of them provide direct structural information. Flow-tube reactor experiments have employed the chemisorption of small molecules as structural probes to suggest geometries for various transition metal clusters. Parks et al. have used this approach to analyze nickel clusters containing between 49 and 71 atoms 4͑a͒,4͑d͒,4͑e͒,4͑f͒ using N 2 as the probe ligand. The interpretation of these results requires structural models, but certainly suggests that the dominant morphology at these sizes is icosahedral. However, there are discrepancies between some of the proposed structures and calculations for bare nickel clusters by Stave and DePristo using empirical interatomic potentials. 8 It is not clear to what extent the ligands might affect the underlying geometry. Some alternative structures have also been suggested recently by Wales et al. 9 which again point towards the importance of underlying icosahedral order for 14-and 17-atom nickel clusters. The only nitrogenated nickel clusters which apparently cannot be fitted into the growth scheme proposed by Mingos and Wales occur at five and seven atoms, where Parks et al. suggest square pyramidal and capped octahedral structures rather than trigonal bipyramidal and pentagonal bipyramidal.
4͑a͒,4͑d͒,4͑e͒,4͑f͒ At present all the structural evidence is really too indirect to determine which structures are correct, or whether the structure changes with the nature of the ligand.
We now discuss the new results for nickel-carbonyl clusters in terms of the electron-counting rules derived from polyhedral skeletal electron pair theory 10 ͑PSEPT͒. In essence PSEPT provides predictions for the favored geometries of transition metal and main group clusters as a function of the number of valence electrons. Justifications for these correlations are based upon calculations 11 and Stone's tensor surface harmonic ͑TSH͒ theory. 12, 13 The most important result is that n-vertex deltahedral clusters ͑with only triangular faces͒ of main group elements and transition metals both have 2nϪ1 inaccessible orbitals and therefore have 4nϩ2 and 14nϩ2 valence electrons, respectively. Cluster skeletons corresponding to deltahedral with one or two missing vertices usually have 2nϪ2 and 2nϪ3 inaccessible orbitals, respectively. When a deltahedron is capped by the addition of an extra transition metal atom ͑with associated ligands͒ the number of valence electrons usually increases by 12 so long as interactions between caps can be neglected-this is known as the capping principle 14 and can also be explained within the TSH framework. 13 It follows immediately from the capping principle that a face-capping growth sequence in the present systems should be characterized by increments corresponding to NiCO fragments because these contain 12 valence electrons. 15 Discontinuities should occur whenever complete shells of atoms are formed, since the caps must then interact. We expect the discontinuities to occur at 7, 13, and 19 atoms where the nickel skeletons are likely to have pentagonal bipyramidal, icosahedral, and double icosahedral structures. The predicted stoichiometries for these clusters are Ni 7 ͑CO͒ 15 , Ni 13 ͑CO͒ 20 , and Ni 19 ͑CO͒ 24 where we have assumed the usual deltahedral electron count for Ni 7 ͑CO͒ 15 . We have also assumed that the interstitial atom in Ni 13 ͑CO͒ 20 reinforces the deltahedral pattern of molecular orbitals and provides no additional accessible orbitals. 16 For Ni 19 ͑CO͒ 24 our prediction is based upon a treatment in which we consider the interaction of the interstitial diatomic fragment with a Ni 17 ͑CO͒ 24 outer shell. 17 The predicted valence electron count is then 12 times the number of surface atoms plus the number of electrons associated with the diatomic fragment, which in this case is 34. This argument works for the isoelectronic pentagonal prismatic cluster Pt 19 ͑CO͒ 22 2Ϫ . After Ni 19 ͑CO͒ 24 we would again expect capping to lead to successive increments by NiCO units. However, capping around the equator to give a more spherical geometry is more likely than further extension of a prolate double icosahedron.
The newly measured saturation limits for the number of carbonyls are in quite reasonable agreement with the above model, perhaps even beyond 19 nickel atoms. We can also employ the present approach to suggest structures for the nickel carbide clusters. For example, if the carbide carbon atom were interstitial the PSEPT rules imply that the resulting cluster would have two fewer ligands compared to the cluster with the same number of nickel atoms but no interstitial carbide. This is the case for Ni 6 The observed saturation at Ni 4 C͑CO͒ 10 ϩ could perhaps mean that the carbon atom replaces a Ni͑CO͒ 2 unit in the equator of trigonal bipyramidal Ni 5 ͑CO͒ 12 ϩ . The above arguments are by no means definitive, and should be taken only as one possible framework in which to interpret the experimental results, albeit a framework that has achieved remarkable success in inorganic chemistry. To settle these structural problems properly will either require direct experimental information or accurate searches of the many-dimensional potential-energy surfaces, both of which are presently very difficult propositions.
IV. SUMMARY
We have studied the reactions of positively charged nickel clusters with carbon monoxide in the gas phase. Under certain experimental conditions the primary reaction channels are formations of saturated and unsaturated nickelcarbonyl clusters, Ni n ͑CO͒ i ϩ . The most important result of our study was the observation of a very specific reactivity of the nickel tetramer, pentamer, and hexamer clusters to produce nickel-carbide-carbonyl clusters. The observation of carbides under given experimental conditions ͑room temperature͒ at small nickel cluster sizes underlines the important role of clusters in CO bond scission. CO bond scission is also the rate-determining step in the Fischer-Tropsch synthesis, which takes place at higher temperatures. ͑In the earlier study of Fayet and co-workers 2͑f͒ devoted to the study of the reactivity of nonthermalized nickel cluster cations with carbon monoxide, carbide formation for all investigated nickel cluster sizes was observed.͒ Regarding the fragmentation channels, for the Ni n ϩ clusters investigated, three types of fragments were generally observed: Ni nϪ1 ϩ , Ni nϪ1 ͑CO͒ 0 ϩ , and Ni nϪ1 C͑CO͒ p ϩ . The yield of Ni nϪ1 ϩ collisional fragments decreased monotonically with increasing n. No Ni nϪ1 ϩ fragments were observed for nϾ22. The occurrence of the Ni nϪ1 ͑CO͒ ϩ fragments at very low yield was typical for the reactions of Ni n ϩ clusters with nϭ5 -8, while Ni 3 C͑CO͒ ϩ was the dominant fragment of the reaction of nickel tetramer with carbon monoxide. The experimentally measured saturation limits of nickel-carbonyl clusters were compared with the predictions of the polyhedral skeletal electron pair theory. The nickel cluster growth can be explained by a pentagonal sequence for clusters consisting of 4-7 atoms, forming a pentagonal bipyramid in the case of Ni 7 ϩ , and by capping of this pentagonal bipyramid to build up an icosahedron at Ni 13 ϩ and a double icosahedron at Ni 19 ϩ . The structure of the nickelcarbide-carbonyl clusters can be explained in terms of a caged carbide carbon atom for Ni 6 C͑CO͒ 11 ϩ and a peripheral carbide carbon atom in the case of Ni 4 C͑CO͒ i ϩ and Ni 5 C͑CO͒ i ϩ .
